We have succeeded in developing a method for photoemission electron microscopy (PEEM) on fully magnetized ferromagnetic bulk samples and have applied this technique to Dy-doped Nd-Fe-B permanent magnets. Remanence magnetization of the sample was approximately 1.2 T, and its dimension was 3 Â 3 Â 3 mm 3 . By utilizing a yoke as an absorber of the stray magnetic field from the sample, we can obtain well-focused PEEM images of magnetized samples. We have observed not only chemical distributions to visualize Dy-rich and Dy-poor areas but also magnetic domains by x-ray magnetic circular dichroism. The formation of reversed magnetic domains is strongly suppressed at room temperature by Dy-doping. As the temperature of the Dy-doped sample is raised, starting from room temperature, the reversed magnetic domains first grow along the magnetization easy axis. Next, above approximately 80 C, the shapes of reversed domains start to expand in the direction perpendicular to the easy axis. Above approximately 85 C, the reversed domains cover more than half of the field of view of 30 m. More importantly, the reversed magnetic domains tend to nucleate or extend in Dy-poor regions. We discuss the relationship between the chemical distribution and the magnetic domain structure.
Introduction
Nd-Fe-B permanent magnets, which were invented more than 25 years ago [1] , have the largest magnetic energy integral and have been widely used. For their application to propulsion electric motors on hybrid vehicles, resistivity to heat is indispensible. A pristine Nd-Fe-B magnet is seriously vulnerable to heat. For example, magnetization irreversibly decreases to half already at about 130 C. The present solution to this problem is to partly replace Nd with Dy. By Dy doping, thermal demagnetization is strongly suppressed, and temperature dependence becomes nearly reversible. At the same time, coercivity strongly increases. Since Dy is much scarcer than Nd, an inexpensive substitute is highly desired. Therefore, it is important to clarify not only the effect of Dy to the magnetic property but also its detailed mechanism.
There have been intensive studies of Nd-Fe-B magnets from both fundamental and application points of view [2] [3] [4] . Research using methods such as Kerr microscope methods has revealed that magnetic domain structures, particularly the reversed magnetic domains, play the central role in thermal demagnetization of Nd-Fe-B [5] . In addition, it has been shown that metallographic structures in the micrometer and nanometer ranges of phases such as the mother Nd 2 Fe 14 B phase and B-or Nd-rich phases are important.
In order to determine the effects of Dy on Nd-Fe-B magnets, we need to clarify the chemical distribution of the doped Dy and its relationship to the reversed magnetic domains. Photoemission electron microscopy (PEEM) can be used to observe the spatial element distribution on the surface of a sample through use of x-ray photoabsorption edges. Combination with the x-ray magnetic circular dichroism (XMCD) enables one to observe magnetic domain structures on the same surface [6] [7] [8] . This method, i.e., XMCD-PEEM, is one of the most relevant tools for determining the effect of the concentration distribution of Dy on the performance of the Nd-Fe-B permanent magnet [9] . Since the reversed magnetic domains are thought to emerge first on the surface of magnets, the surface sensitivity of XMCD-PEEM is also advantageous.
Until now, PEEM measurement of magnetized bulk materials has not been possible because the trajectories of photoelectrons are bent by the stray magnetic field from the sample. Therefore, Nd-Fe-B magnets have been demagnetized, either by heating or by applying an alternating-current magnetic field, in advance to the PEEM observation [9] . We have solved this problem by using a soft magnetic yoke to make the stray magnetic field be absorbed and have succeeded in the XMCD-PEEM measurement of fully magnetized Dy-doped Nd-Fe-B magnets. In this paper, we first report the method to enable PEEM observation of fully magnetized magnets. Next, we present the observed chemical contrast and magnetic domain structures on the surface of a Dy-doped Nd-Fe-B magnet. Based on these results, we discuss the role of Dy in the performance of Nd-Fe-B magnets.
Experimental method
We have measured a Nd-Fe-B magnet without Dy doping (undoped) and a Dy-doped one with the chemical concentrations shown in Table 1 . The samples were magnetized using a magnetic field of 10 T and then cut and attached to a soft magnetic yoke, as explained below. XMCD-PEEM measurements were performed using two different setups at the SPring-8 facility in Japan, namely, Elmitec PEEM-SPECTOR at the BL-25SU beamline and Elmitec spectroscopic low-energy electron microscope (SPELEEM) at the BL-17SU beamline. The test of the yoke system, the results of which are shown in Figure 1 , was performed using the former setup. The main part of the study on permanent magnets, the results of which are shown in Figures 2-4 , was performed using the latter setup. The electron energy filter equipped in SPELEEM enables higher spatial resolution by preventing the energy aberration induced by the wide energy distribution of photoelectrons excited by soft x-rays. Magnetic domain structures were observed using soft x-rays corresponding to the L 3 (i.e., 2p 3=2 ! 3d) photoabsorption peak of Fe and by changing the circular polarization. Magnetic contrast was obtained by calculating the difference between the images for the two opposite circular polarizations. Chemical distributions of Fe and Dy have been measured at the Fe L 3 and Dy M 5 (i.e., 3d 5=2 ! 4f ) absorption edges. Chemical contrast was obtained by calculating the ratio between the image taken at the absorption peak and that taken before the edge. The temperature of the Dy-doped sample was elevated, starting from room temperature, in order to study the thermal demagnetization process.
In order to make the stray magnetic field be absorbed, samples have been attached without a gap to a soft magnetic yoke made of pure iron, as shown in Figure 1(a) . However, this procedure does not necessarily lead to a good focus of the PEEM image. There was a strong correlation between the focus and the stray magnetic field near the surface of the sample, which is measured by a Gauss meter. When the stray magnetic field of 8 mT was still present, the PEEM image did not focus well [see Figure 1(c) ]. The stray field was strongest near the junctions between the sample and the yoke. In order to suppress the stray magnetic field sufficiently, we have (1) carefully shaped the sample so that the four surfaces, which are not in contact with the yoke, are accurately parallel to the magnetization direction, being the c-axis of the ðNd 1Àx Dy x Þ 2 Fe 14 B mother phase particles in the sample and (2) carefully aligned the surfaces of the sample and the yoke to the same height in order to avoid any step at the junction. When the stray field was reduced to less than 1 mT by this method, the PEEM image focused well, as shown in Figure 1(d) .
Results and discussion
Magnetic domain structures of the undoped and the Dy-doped samples, which are observed by XMCD-PEEM at room temperature, are shown in Figure 2 respectively. The red arrow shows the direction of the incident circularly polarized x-ray. The yellow arrows show the direction of the samples' magnetization and reversed magnetization. In the XMCD-PEEM images, the lighter and darker parts are magnetized in the former and the latter directions, respectively. In the undoped sample, many reversed magnetic domains are found. In the Dy-doped sample, on the other hand, reversed domains are drastically suppressed. In both samples, the shapes of the reversed magnetic domains tend to be longer in the direction of the easy magnetization axis. Figure 3(a)-3(i) show the observed temperature dependence of the magnetic domain structure of the Dy-doped sample upon heating from room temperature to approximately 90 C. We have calculated the area ratio of the reversed domains in the field of view and have shown its temperature dependence in Figure 3(j) . At room temperature, the reversed domains already amount to approximately 40% in the case of the undoped sample, whereas the amount is suppressed to less than 10% in the Dy-doped sample. Even in the Dy-doped sample, the reversed domains on the surface clearly increase both in numbers and in area by heating. Up to about 70 C, the reversed magnetic domains tend to grow in the direction parallel to the easy magnetization axis. However, their shapes expand in the direction perpendicular to the easy magnetization axis above approximately 80 C, leading to much wider shapes of the reversed domains [see, for example, the area indicated by a yellow arrow in Figure 3(d) ]. This suggests that, in this temperature range, the hard magnetization axis is not hard enough to keep the reversed domains' shape narrow and long along the c-axis. The reason might be that a characteristic energy value related to the magnetic anisotropy field decreases upon heating [2] [3] [4] and becomes comparable to k B T in this temperature range, where k B is Boltzmann's constant. In the same temperature range, the area of the reversed domains drastically increases, as illustrated by the green arrow in Figure 3(j) . This indicates that the rapid growth of the reversed domains is also induced because the magnetic anisotropy energy decreases upon heating. At 92 C, the reversed magnetic domains occupy much more than half of the whole area. This is interpreted as such because the magnetic field emitted by the bulk of the sample, which is still strongly magnetized even at 92 C, partly runs on the surface of the sample in the opposite direction as the bulk instead of running in the yoke. The reason for this is that the length of the line of the magnetic field is shorter when it passes on the surface of the sample than when it goes through the yoke.
Next, we compare the magnetic domain structures with the chemical distribution in Figure 4 . Figure 4 (a) and 4(b) show the chemical distribution of Fe and Dy, respectively, where lighter color corresponds to larger concentration. The black points in Figure 4 (a) are the Btriple points,[ at which three grain boundaries meet. Therefore, a grain boundary (i.e., a boundary between different grains of mother composition) is expected to run from a triple point to another. Since many triple points are too small to be seen in this figure, one cannot draw grain boundaries by relying only on the Fe distribution. In Figure 4 (c), the positions of the triple points are superimposed on the chemical contrasts of Fe and Dy. Yellow areas show the Dy-rich regions, and blue areas show the Dy-poor regions. The red lines show the triple points. In Figure 4(d)-4(f) , the sketch in Figure 4 (c) is superimposed on top of the magnetic domain structure at 77 C, 80 C, and 82 C, respectively. The reversed magnetic domains tend to rapidly grow near the Dy-poor regions. In particular, wider domains, which appear at 80 C and 82 C, are all located in the vicinity of the Dy-poor regions.
Dy doping is known to enhance the magnetic anisotropy of a Nd-Fe-B magnet [2, 3] . The Dy-poor parts have smaller magnetic anisotropy; therefore, the energy barrier against the rotation of the magnetization direction is lower, leading to easier growth of the reversed domains. At approximately 80 C, the magnetic anisotropy of the Dy-poor parts becomes small enough for the shapes of the reversed domains to expand in the direction perpendicular to the magnetization easy axis, leading to the rapid growth of the total area of the reversed domains.
Conclusion
We have succeeded in observing the temperature dependence of the magnetic domains of fully magnetized Nd-Fe-B permanent magnets using XMCD-PEEM. This has been realized by absorbing the stray magnetic field with use of a soft magnetic yoke. We have observed the change of the magnetic domain structure, particularly the growth of the reversed domains, upon heating from room temperature to about 90 C. Up to about 70 C, the reversed domains grow along the c-axis, and the growth is gradual. Above approximately 80 C, rapid growth is observed, and the reversed domains become wider, i.e., their shapes expand in the direction perpendicular to the c-axis. We have compared the magnetic domain structure with the chemical distribution of Fe and Dy. The reversed domains tend to grow near the Dy-poor parts in the sample, which is consistent with the discussion that Dy doping enhances magnetic anisotropy.
